Monensin is a common feed additive used in various countries, where 1 of the associated benefi ts for use in beef cattle is improved effi ciency of energy metabolism by the rumen bacteria, the animal, or both. Modeling fermentation-altering supplements is of interest, and thus, it is the purpose of this paper to quantify the change in VFA profi le caused by monensin dose in high-grain-fed beef cattle. The developmental database used for meta-analysis included 58 treatment means from 16 studies from the published literature, and the proportional change in molar acetate, propionate, and butyrate (mol/100 mol) as well as total VFA (mM) with monensin feeding dose (mg/kg DM, concentration in the feed) was evaluated using the MIXED procedure (SAS Inst. Inc., Cary, NC) with the study treated as a random effect. The mean monensin dose in the literature database was 30.9 ± 3.70 mg/kg DM and ranged from 0.0 to 88.0 mg/kg DM. Mean DMI was 7.8 ± 0.26 kg DM/d, mean concentrate proportion of the diet was 0.87 ± 0.01, and mean treatment period was 42 ± 5.6 d. Results produced the following equations: proportional change in acetate (mol/100 mol) = −0.0634 (± 0.0323) × monensin (mg/kg DM)/100 (P = 0.068), proportional change in propionate (mol/100 mol) = 0.260 (± 0.0735) × monensin (mg/ kg DM)/100 (P = 0.003), and proportional change in butyrate (mol/100 mol) = −0.335 (± 0.0916) × monensin (mg/kg DM)/100 (P = 0.002). The change in total VFA was not signifi cantly related to monensin dose (P = 0.93). The results presented here indicate that the shift in VFA profi le may be dose dependent, with increasing propionate and decreasing acetate and butyrate proportions (mol/100 mol). These equations could be applied within mechanistic models of rumen fermentation to represent the effect of monensin dose on the VFA profi le in high-grain-fed beef cattle.
INTRODUCTION
Monensin (Elanco Animal Health, Ontario, Canada) is a common feed additive used in North America, Australia, and New Zealand, where the associated benefi ts for use in cattle include improved effi ciency of energy and N metabolism by the rumen bacteria, the animal, or both, and retardation of digestive disorders resulting from abnormal rumen fermentation (Bergen and Bates, 1984) . Positive effects on energetic effi ciency are the result of increased propionate production in the rumen as a consequence of a general resistance to monensin of gram-negative bacteria that reduce succinate to propionate, whereas a reduction in population size and activity occurs in gram-positive bacteria groups (McGuffey et al., 2001) . Protozoa and fungi tend to be inhibited (Bergen and Bates, 1984) , and Gyulai and Baran (1988) showed that some strains are more sensitive to monensin than others, although the data for fungi are more sparse and contradictory than for rumen bacteria (McGuffey et al., 2001 ).
An increase in propionate production also results in a decrease in available substrate for methanogens, mainly hydrogen and formate, and reduces the amount of energy lost as methane (CH 4 ; reviewed by Ellis et al., 2008) , and there has been some interest in the potential use of monensin as a CH 4 mitigation strategy (Beauchemin et al., 2009) , although in vivo results are inconclusive.
Dynamic mechanistic models have been used increasingly to explore mitigation and feeding strategies and to aid in the development of future experiments (Benchaar et al., 2001; Bannink et al., 2010; Ellis et al., 2011 Ellis et al., , 2012 , but to date, none have accounted for the use of non-nutritional supplements such as monensin. Because most high-grain-fed beef cattle trials currently being conducted at North American institutions include monensin in the diet, one either has to exclude these data from exercises of model development and challenge or has to discount the potential effect monensin will have on the VFA stoichiometry. It is therefore the purpose of this study to quantify the change in VFA profi le with monensin dose for high-grain-fed beef cattle.
MATERIALS AND METHODS
Animal Care and Use Committee approval was not obtained for this study because the data were obtained from existing literature.
Literature Database
The database used for this evaluation was constructed from a systematic literature search and, after application of various criteria for selection, comprised 58 treatment means from 16 studies spanning from 1976 to 2009. It included the studies of Ralston and Davidson (1976) , Raun et al. (1976) , Richardson et al. (1976) , Utley et al. (1977) , Heinemann et al. (1978) , van Maanen et al. (1978) , Thorton and Owens (1981) , Zinn (1987) , Morris et al. (1990) , Clary et al. (1993) , Zinn and Borques (1993) , Zinn et al. (1994) , Surber and Bowman (1998) , Ives et al. (2002) , Fandiño et al. (2008), and Meyer et al. (2009) . The criteria for study selection were that the experiment involved beef cattle, that monensin was a treatment comparable against the appropriate control diet, that the basal diet was at least 80% grain, and that information was available on monensin dose (mg/d), DMI (kg/d), and ruminal acetate, propionate and butyrate expressed as a fraction of total VFA,or as mM. There was a preference for studies that also reported total VFA (tVFA, mM) so that the effect of monensin and tylosin (Elanco Animal Health) on tVFA could be evaluated, but Ralston and Davidson (1976), van Maanen et al. (1978) , Zinn (1987) , and Zinn and Borques (1993) did not report this information. Some studies included tylosin as an additive with monensin, while others included it with both monensin and control treatments. The mean monensin dose in the literature database was 30.9 ± 3.70 mg/kg DM and ranged from 0.0 to 88.0 mg/kg DM, mean DMI was 7.8 ± 0.26 kg DM/d, mean concentrate proportion of the diet was 0.87 ± 0.01, and mean treatment period was 42 ± 5.6 d. A summary of the database is presented in Table 1 , and a summary of the VFA profi le for each study is given in Table 2 .
Statistics
The change in tVFA (mM) and the proportional change in acetate, propionate, and butyrate (in mol/100 mol tVFA) relative to the control diet were examined against the main effects of monensin dose (mg/kg DM) and tylosin dose (mg/kg DM) within the MIXED procedure (SAS Inst. Inc., Cary, NC). Mixed model analysis was chosen because the data were compiled from multiple studies, thereby making it necessary to consider analyzing not only the fi xed effects of the dependent variables but also the random effect of study. This accounts for differences such as physiological status of the animals, experimental design, measurement methods, techniques, and varying laboratories (St-Pierre, 2001) .
In several studies in the developmental database, tylosin was included either in all treatment diets (Heinemann et al., 1978; Surber and Bowman, 1998) or only in the monensin diet and excluded from control diets (Zinn, 1987; Morris et al., 1990; Clary et al., 1993; Ives et al., 2002) . Tylosin is an antibiotic commonly included in high-grain diets, often with monensin, to reduce the occurrence of liver abscesses (e.g., Brown et al., 1973; Heinemann et al., 1978) . In vitro work by Baldwin et al. (1982) showed that tylosin decreased tVFA concentration, and Nagaraja et al. (1987) reported that tylosin decreased the molar concentration of propionate. However, in vivo work done by Heinemann et al. (1978) showed no effect of tylosin on the VFA profi le at similar doses to those evaluated here (11 mg/kg DM), and no interaction with monensin dose was evident. Nagaraja et al. (1999) also found, in vivo, that tylosin did not alter the concentration of tVFA in the rumen. In attempts to develop multiple regression equations including both monensin and tylosin dose, tylosin was nonsignifi cantly related to the change in acetate, propionate, butyrate and tVFA (P > 0.70) and was therefore excluded from the analysis.
Multivariate analysis, through introduction of the correlation of dependent variables (acetate, propionate, and butyrate) via the random effects statement as well as via the residual variances (repeated statement; Strathe et al., 2010) , were tested but resulted in over- 2 Volatile fatty acid results are the mean over these 2 diets.
3 Tylosin (Elanco Animal Health, Ontario, Canada) was included in both the control and monensin (Elanco Animal Health) diets. 4 Zero tylosin was included in the control diet, but tylosin was included in the monensin diet.
5 As-fed basis. parameterization of the model and a lack of convergence or a non-positive R matrix. Acetate, propionate, and butyrate regressions were thus fi tted simultaneously using a univariate approach. The statistical model was
where Y ij is the dependent variable, B 1 is the overall fi xed effect regression coeffi cient of Y on X, X ij is the value of the continuous predictor variable, b i is the random effect of study on the regression coeffi cient of Y on X, and e ij is the residual error. In this analysis, monensin and tylosin dose (independent variables) were centered around the mean, where, for example, monensin_new = monensin -monensin_mean. Centering the monensin or tylosin dose places the intercept at the mean of all the doses and therefore removes the correlation between slope(s) and intercept(s) in the regression model (van Landeghem et al., 2006) . Without centering, both the mean value and the variation around that mean are involved in selecting model factors. Because this study is only interested in the change (slope) in VFA profi le, this was an appropriate adjustment. The joint distribution of random effects was assumed to be multivariate normal, and the dual quasi-Newton technique was used for optimization with an adaptive Gaussian quadrature as the integration method. Analysis was performed with the assumption that variance distribution for the estimates followed a multivariate normal distribution.
Recently, Sauvant et al. (2008) highlighted the importance of considering additional sources of systematic variation in meta-analysis studies, and so this database was selected to minimize these sources. For example, the database was limited to beef cattle fed a diet of >80% concentrate, which severely cuts down on the number of available studies in the literature and, subsequently, the variation in diets. Monensin was expressed as milligrams per kilogram DM to exclude the interfering factor of DMI. This study was specifi cally interested in the relative change in VFA profi le as monensin adjustment equations will be integrated with model-determined VFA yields, which would account for the effect of diet. Therefore, the effect of the control or basal value was removed, and equations were based on the proportional change in values relative to the control. This essentially removes any inter-study bias effect and examines only the slope.
Goodness of fi t of the statistical model (inclusion or exclusion of random effects, variance or covariance structure selection) was evaluated using the Bayesian information criterion (BIC) fi t statistic and the restricted log-likelihood function (−2LL; SAS Inst. Inc.), where smaller values indicate better fi t, and signifi cance of the fi xed effect model parameters were tested against a P value of 0.05.
RESULTS AND DISCUSSION
The relative amounts of VFA produced in the rumen are of particular interest in ruminant nutrition because the major VFA feed into important metabolic pathways in other organs. Propionate is a substrate for gluconeogenesis and is the main source of glucose for the ruminant, whereas non-glucogenic acetate and butyrate are precursors for long-chain fatty acid synthesis. The VFA profi le, particularly the nonglucogenic to glucogenic VFA ratio, is associated with effects on end-product composition and energy balance in ruminants (Thomas and Martin, 1988; van Knegsel et al., 2007) . The type of VFA formed in the rumen is also essential in mechanistic models that predict enteric methanogens (Alemu et al., 2011; Bannink et al., 2011; Mills et al., 2001 ) because propionate is a hydrogen sink whereas acetate and butyrate are hydrogen sources, and hydrogen is the major substrate for CH 4 formation (Wolin, 1960) . Methane represents an energy loss to the animal, where observations can range from 2% to 12% of GE intake (Johnson and Johnson, 1995) , and it is also a greenhouse gas. Monensin, through its impact on the rumen VFA profi le, has been questioned as a potential CH 4 mitigation strategy. This paper focused on high-grain-fed feedlot cattle as within the beef industry it is the most likely sector targeted for CH 4 mitigation. Feedlots contain large numbers of animals that are intensively managed and are typically fed ionophores. The mean propionate molar proportion was relatively high (31.3 ± 1.87 mol/100 mol tVFA) and that of acetate was low (54.5 ± 1.70 mol/100 mol tVFA; means for control treatments). This is expected as, in general, the low-fi ber and high-starch content of highconcentrate diets, from stoichiometric principles, is known to result in a high-propionate-producing rumen profi le . Relative changes in molar proportions of acetate, propionate, and butyrate (mol/100 mol tVFA) were related to monensin dose in the diet. The relationships developed in the present study modify model-determined proportions of individual VFA (mol/100 mol tVFA) as follows: where the default VFA proportion (acetate, propionate, or butyrate; mol/100 mol tVFA) is the proportion of VFA determined as a result of the VFA stoichiometry represented in a given model and the new calculated VFA proportion (mol/100 mol tVFA) is related to the monensin dose via a proportional change. Proportional changes were signifi cant for propionate (P = 0.003) and butyrate (P = 0.002) but not for acetate (P = 0.068). The joint BIC value was 1291 and −2LL was 1277. The root-mean-square prediction error (RMSPE) values (percent of observed mean; Bibby and Toutenburg, 1977) for the 3 regressions tested back against the developmental database were 5.2%, 9.4%, and 17.0% for acetate, propionate, and butyrate, respectively, and the error was mostly random (93.9%, 91.8%, and 96.5%, respectively). Concordance correlation coeffi cient (CCC; Lin, 1989) the CCC value to be poor compared to analysis using RMSPE, which does not pick up on this error . Regressions of the proportional changes in Eq.
[2] through [4] are illustrated in Figure 1 . It is evident from Figure 1 that the majority of trials tested monensin doses in the range of 0.0 to 40.0 mg/kg DM. As a result, some caution should be used in applying these equations to greater doses, although the slope of the best fi t regression appears similar to the slope of the trials that tested doses greater than 40.0 mg/kg DM (Figure 1) . Across studies, the molar proportion of propionate consistently increased with monensin dose, whereas the most variation in regression slopes occurred with the molar proportion of butyrate and the least variation occurred with the change in molar proportion of acetate (Figure 1 ). The reason for high variation in the butyrate slope between studies is unknown but might be due to it being the smallest fraction of the three VFA examined, resulting in proportionally more error in measurement. Henderson et al. (1981) examined the in vitro effect of monensin on bacteria and found differences in the amount of inhibition between 2 strains of Butyrivibrio bacteria in the presence of monensin. Differences in the Butyrivibrio rumen bacteria communities between studies may also contribute to the increased variation in the change in butyrate results seen here. Furthermore, protozoa are known to quickly metabolize sugars (e.g., see Dijkstra, 1994) and produce relatively large amounts of butyrate. Studies have suggested that the sensitivity of protozoa to monensin might contribute to the initial decrease in CH 4 as protozoa and methanogens interact closely in the rumen (Richardson et al., 1978; Hino, 1981; Habib and Leng, 1987) . However, this effect may subside due to the adaptation of the protozoal population to monensin over time (Johnson and Johnson, 1995; Tedeschi et al., 2003; Guan et al., 2006) . The net result is that a decrease in CH 4 production might be of greater magnitude initially (see the review by McGuffey et al., 2001) . Therefore, variation between studies in the length of the treatment period (varied from 14 to 152 d) could lead to variation in the phase of the response of protozoa and therefore heightened variation in the response of butyrate to monensin dose.
While this study took a linear approach to the analysis of monensin dose on VFA profi le, it is possible that the slope may be non-linear, particularly at high doses (Figure 1) . However, without more high-dose studies, it is not possible to develop a reliable nonlinear equation to describe the data. Analysis of the residuals (predicted minus observed values) in Figure 2 shows that error in prediction is not systematically related to the observed value, DMI, or the acetate, propionate, and butyrate molar proportion. For the residual vs. butyrate (mol/100 mol) plot, there is a seemingly negative slope, but this is largely infl uenced by a single datum point. Removal of this datum point reduces the slope from −2.07 to −0.02. In this paper it was assumed that the change in VFA molar proportion due to monensin addition was related to the observed VFA molar proportion. In this approach, the magnitude of the change is assumed to depend on the actual VFA molar proportion (relatively small change if VFA molar proportion is small and vice versa), rather than fi xed and independent of the VFA molar proportion. If in real life the correction should not depend on the basal VFA molar proportion, the residuals would have shown a consistent pattern of over-and under-prediction at low and high VFA molar proportions. The absence of consistent patterns indicates that a correction on a relative basis is valid. The residuals are also not systematically related to the treatment period length (data not shown).
Because Eq.
[2] through [4] were developed independently and yet are related when expressed as moles/100 moles, the post-adjustment sum of moles/100 moles acetate, propionate, and butyrate is not necessarily identical to the pre-adjustment total. For example, a diet that produces a VFA profi le that is 55 mol acetate/100 mol tVFA, 35 mol propionate/100 mol tVFA, and 8 mol butyrate/100 mol tVFA (sums to 98 mol/100 mol tVFA), with a 40 mg/kg DM monensin dose, becomes 53.6 mol acetate/100 mol tVFA, 38.6 mol propionate/100 mol tVFA, and 6.93 mol butyrate/100 mol tVFA (sums to 99.2 mol/100 mol tVFA). This has to be corrected by scaling total acetate, propionate, and butyrate (mol/100 mol tVFA) back to 98 mol/100 mol tVFA when it is also presumed that the fraction of other VFA remains the same.
Other minor VFA (e.g., valerate, isovalerate, and isobutyrate) were not consistently reported in the database studies, and the studies reporting these VFA were not numerous enough to allow meta-analysis. Total VFA was not reported in studies by Ralston and Davidson (1976), van Maanen et al. (1978) , Zinn (1987) , and Zinn and Borques (1993) . Analysis of the effect of monensin dose on the change in tVFA for the remaining studies (using the same MIXED model analysis described above but replacing individual VFA proportions with tVFA) was not signifi cant: The change in tVFA (mM), which equals (0.0007 ± 0.06041) × monensin dose (mg/kg DM), where P = 0.99, is illustrated in Figure 3 . Aside from 1 study that observed a 31% decrease in tVFA (mM) with a 55 mg/kg DM monensin treatment (Thorton and Owens, 1981) , this is in agreement with other publications reporting no change in tVFA with monensin feeding (Guan et al., 2006) . The relationship remained non-signifi cant whether the Thorton and Owens (1981) study was left in or removed, as the equation became the change in tVFA (mM) = 0.0034 (± 0.0368) × monensin dose (mg/kg DM), where P = 0.93 when it was excluded. Nagaraja et al. (1997) examined the average change in acetate, propionate, and butyrate concentration (in mM, mol/100 mol tVFA and mol/d) for the 70% and 50% roughage diets originally reported by Prange et al. (1978) and Rogers and Davis (1982) . In that summary Nagaraja et al. (1997) illustrated a 6% decrease in acetate, a 29% increase in propionate, and a 14% decrease in butyrate (mol/100 mol tVFA) on the 70% roughage diet and a 4% decrease in acetate, a 15% increase in propionate, and a 25% decrease in butyrate (mol/100 mol tVFA) on the 50% roughage diet, with monensin doses of 33 g/kg DM. When a 33 mg/kg DM monensin dose is assumed here, with the equations developed in this study, based on diets with an average of 13% roughage, equations predict a 2.1% decrease in acetate, an 8.6% increase in propionate, and an 11.1% decrease in butyrate. Aside from the large change in butyrate reported for the 50% forage diet, these results suggest a greater impact on the VFA profi le for diets at greater forage % diets. However, the studies of Prange et al. (1978) and Rogers and Davis (1982) also had treatment periods of 21 d compared with the slightly greater 28-d median value for this study, which may have some minor impact on the magnitude of the results (e.g., because of the longevity of protozoa effects). Also, results here are based on a higher number of studies and may therefore be more reliable. However, this observation also agrees with the results of Thorton and Owens (1981) , where both the magnitude of change in the VFA profi le and CH 4 emissions were amplifi ed for high-forage diets at the same monensin dose.
In agreement with the dose-dependent results presented here, Beauchemin et al. (2008) , in a summary of the literature, found that the effect of monensin on CH 4 may be dose dependent. In that review, doses of less than 15 mg/kg DM monensin had no effect on CH 4 production (g/d or g/kg DMI) in dairy cows, doses of less than 20 mg/kg DM either had no effect or reduced total CH 4 (g/d but not g/kg DMI) in dairy cows, and greater doses (24 to 35 mg/kg DM) reduced CH 4 production (g/d by 4% to 10% and g/kg DMI by 3% to 8%) in both beef cattle and dairy cows, with short-term decreases of up to 30% for both high-and low-forage diets. The equations (Table 1) .
developed here may represent part of the longer-term impact of monensin on the rumen fermentation pattern, as opposed to transient modifi cations in the rumen (e.g., effects on protozoa). Changes in the VFA profi le appear to remain constant and persist over time (Guan et al., 2006) .
In terms of other ionophores used in beef cattle production, monensin and lasalocid (Elanco Animal Health) are licensed in the United States and Canada, laidlomycin propionate is licensed only in the United States, and salinomycin (Elanco Animal Health) is licensed only in Canada (NRC, 2000) . Martineau et al. (2007) found no signifi cant differences in acetate, propionate, or butyrate (mol/100 mol tVFA) between lasalocid and monensin treatments, and neither did Clary et al. (1993) . However, although Morris et al. (1990) found no differences between lasalocid and monensin in terms of acetate and propionate, butyrate and valerate were signifi cantly decreased with monensin treatment (mol/100 mol). Domescik and Martin (1999) concluded that laidlomycin propionate altered fermentation by mixed ruminal microorganisms in a manner similar to monensin but that monensin seemed to be a more potent inhibitor. Galyean et al. (1992) also found no difference in the VFA profi le (mol/100 mol tVFA) between laidlomycin propionate and monensin treatments. However, the VFA profi le for the ionophore treatments compared to the control treatment were also nonsignifi cantly different. Although no direct comparison with monensin was made, Merchen and Berger (1985) found the VFA profi le shifted in a linear manner toward more propionate and less acetate and butyrate (mol/100 mol tVFA) with an increasing dose of salinomycin. The NRC (2000) groups all ionophores together in terms of their effects, and so it is possible that the equations developed here for monensin could also apply to other ionophores or that similar equations could be developed if the dose-response amounts differ between ionophores (Domescik and Martin, 1999) .
In summary, this paper provides equations to quantify the change in VFA profi le with monensin feeding in high-grain-fed beef cattle. The results of this meta-analysis indicate that the changes in VFA profi le are dose dependent and that monensin should not be ignored when considering beef cattle data in modeling exercises on rumen fermentation profi les. No change in tVFA was evident. The equations produced can be used to adjust VFA stoichiometry within a model of rumen fermentation that may provide more accurate estimates of VFA production for beef cattle being fed monensin.
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